Magnetic materials where at least one dimension is in the nanometer scale typically exhibit different magnetic, magnetotransport, and magnetooptical properties compared to bulk materials. Composite magnetic thin films where the matrix composition, magnetic cluster size, and overall composite film thickness can be experimentally tailored via adequate processing or growth parameters offer a viable nanoscale platform to investigate possible correlations between nonlinear magnetooptical and magnetotransport properties, since both types of properties are sensitive to the local magnetization landscape. It has been shown that the local magnetization contrast affects the nonlinear magnetooptical properties as well as the magnetotransport properties in magneticmetal/nonmagnetic metal multilayers; thus, nanocomposite films showcase another path to investigate possible correlations between these distinct properties which may prove useful for sensing applications.
Introduction
Nanocomposite materials where the composition as well as the aggregation state of the different components can be tailored experimentally offer a suitable venue to explore correlation between composition and physical properties that offer greatest benefit for potential applications. On this front, the combination of magnetic metals with noble metals, such as gold or silver, offers a suitable platform to experimentally explore correlations between composition, magnetotransport, and nonlinear magnetooptical properties with an eye towards applications exploiting such correlated properties, particularly in constrained geometries. To this end, Skumryev et al. [1] prepared a class of nanoparticle-matrix materials exhibiting novel exchange bias properties, while Murzina et al. [2] have reported on nonlinear magnetooptical properties of AuCo planar structures on Si and granular AgCo films [3] . The Au-Co system offers an opportunity to experimentally study correlated nonlinear magnetooptical and magnetotransport properties of a nanocomposite thin film.
The Au-Co equilibrium phase diagram reveals simple eutectic behavior with critical eutectic composition and temperature values of 23.5 at.% Co in Au and 996 ∘ C, respectively ( Figure 1 ).
We note that such diagrams represent the bulk behavior of Au-Co binary system, which is often distinct from that of thin films that therefore must be experimentally investigated. Typically, codeposited Au-Co thin films at low are featureless and smooth, hinting at amorphous structure typical of a homogeneous alloy. It is experimentally observed that subsequent annealing results in segregation of single metastable phases, while further annealing above 650 K leads to equilibrium phase separation. Such crystallization obeys the so-called Ostwald rule, where a system proceeds from a less stable to a final equilibrium state through a succession of metastable states of increased stability. The amorphous phase is akin to a quenched liquid phase and heat treatment produces transformations from less stable states, with increased Au-Co atomic solubility in amorphous or single-phase metastable matrices, to a two-phase equilibrium 2 Journal of Nanomaterials face-centered cubic (fcc) crystalline phase state. This phase separation has been applied to cosputtered Co 1−x Au x thin films to engineer their magnetotransport properties after thermal annealing [4] . Thus, since the Au-Co binary system is a typical phase-separation system [5] , it enables deposition of granular, nanocomposite films where the Co content as well as Co cluster size can be tailored via adequate deposition and/or processing conditions [6] , allowing for experimental exploration of correlations between magnetotransport and nonlinear magnetooptics that could be further exploited in sensing applications.
Experiment
Au-Co nanocomposite thin films were codeposited on glass from high purity (99.99%) Au and Co targets using DC magnetron sputtering in an ultrahigh vacuum (UHV) chamber with base pressure in the low 10 −9 Torr regime. All the samples in this study had a total thickness of 50 nm and the Co content varied from 10% to 58%. The relative composition of Au and Co was tailored based upon well-calibrated Au and Co deposition rates. The deposition temperature was kept at 300 ∘ C since we observed using Transmission Electron Microscopy (TEM) contrast images along with Electron Energy Loss Spectroscopy (EELS) compositional maps that it was optimal for these studies, leading to adequate nanocomposite and smooth films (Figure 2 ), while higher deposition temperature led to rougher and more segregated films [4] . All samples were capped with 3 nm Au films grown at room temperature to prevent Co oxidation after removal from the UHV chamber.
To investigate the experimental correlation between nonlinear optical properties and magnetotransport, we carried out nonlinear magnetooptical (NOMOKE), magnetization reversal, and DC four-point probe magnetotransport studies.
The nonlinear-optical second harmonic generation (SHG) studies were performed using a Ti : sapphire laser operating at a wavelength of 800 nm and average power of 200 mW. A 45 ∘ incident beam illuminated the sample and the second harmonic (SH) signal generated in reflection from the films was selected by an appropriate set of filters and detected by a photon counter. The SH polarization configuration is pin (for the pump beam) and p-out (for the SH beam). A transversal DC magnetic field up to 3 kOe was applied in the plane of the film for an arbitrary azimuthal orientation of the sample, since no in-plane anisotropy in the SHG signal was observed. The NOMOKE magnetic contrast is defined as
with the SHG intensities 2 (± ) measured in the opposite directions to the DC magnetic field H.
SHG magnetic hysteresis loops as a function of Co concentration, measured at room temperature, are shown in Figure 3 (a). Although there are possible detection limitations for lower Co content with this technique, we still can observe a clear difference in the shape of the hysteresis loops for different Co content. The result suggests evolution from superparamagnetic (isolated magnetic clusters) to ferromagnetic (percolation of the magnetic clusters) behavior as the Co content is increased. The saturation field extracted from the SHG loops is shown in Figure 3 (b) where we note a clear decrease in saturation field and the onset of ferromagnetic behavior around 40-45% Co content. Below the percolation threshold, a Co-Au film can be modeled as a disordered array of spherical metal particles embedded in a homogeneous semi-infinite medium. Film anisotropy and the presence of a second interface bounding the film can be neglected [8] . The transition from ferromagnetic to superparamagnetic magnetic behavior indicates that the nanoparticles with smaller scale size (i.e., lower Co volume concentration) cannot hold the magnetic moment stable. Thus, thermal fluctuations induce the flipping of the magnetic moment. Meanwhile, percolation, possibly generated by the coalescence (direct contact) of magnetic metal phases, can sustain the direction of the magnetic moment when temperature remains unchanged.
Thus, from the SHG saturation field data versus composition (Figures 3(a)-3(b) ) we note that the composition of the films corresponds to segregated magnetic nanoclusters embedded in the Au matrix for Co content below 40%, while the decrease observed at 45% is attributed to percolation of the magnetic clusters accompanied by ferromagnetic behavior.
Magnetization hysteresis [M(H)] loops were also measured using superconducting quantum interference device (SQUID) magnetometry.
In Figure 4 (a), the out-of-plane (easy axis) and in-plane (hard axis) M(H) loops were measured and we note that the magnetization correlates well with Co concentration and also that the saturation field decreases with increased Co content, indicating that percolation of the magnetic clusters occurs for a Co content around = 40%, consistent with the NOMOKE data.
Magnetotransport measurements were carried out using the van der Pauw four point probe method [9] . This method allows measurement of the resistivity of samples with an arbitrary shape via 4 contact points. The magnetoresistance was measured at room temperature with current-in-plane (CIP) configuration, applying an external DC magnetic field parallel to the surface of the samples while current was also applied in the plane of the samples and perpendicular to the external magnetic field. A programmable triggered function was used to minimize measurement errors by recording the corresponding voltage at a preselected time once the current was applied. The magnetoresistance data for Au-Co nanocomposite films with varied Co composition is shown in Figure 4 (b). Correlation between the nonlinear magnetooptical and magnetotransport properties in the films can be observed when NOMOKE and magnetoresistance as a function of Co concentration are plotted together in Figure 5 . We include selected SHG hysteresis loops as insets in Figure 5 to illustrate the different aggregation states of Co in such samples.
We note that while the NOMOKE signal grows with Co content, following a similar overall trend as the saturation field, a local albeit weak maximum is also observed around 35% Co content.
Discussion
Although extensive work has been carried out regarding the magnetotransport properties and magnetooptical properties of Au-Co thin films and multilayers [10, 11] , to our knowledge no experimental correlated studies between magnetotransport and nonlinear magnetooptical properties in Au-Co nanocomposite thin films have yet been presented. We begin our analysis by noting that in such segregated nanocomposite systems, small single-domain magnetic clusters can exist where the sizes of the ferromagnetic domains remain unchanged and hence the external field only rotates the magnetic axes of the clusters towards complete alignment; therefore, the size of the magnetoresistive effect depends on the number and size of magnetic clusters within the probed volume [12] . In our case, the maximum in magnetoresistance near 35% Co content corresponds to the optimal cluster size (typical grain radius 1.4 nm) [10] and intercluster separation for this system [13, 14] , consistent with other reports [15] . Low magnetoresistance values for sample composition below 30% Co content are consistent with a relatively low concentration of magnetic clusters, thus leading to fewer interfacial scattering sites. Increases in Co concentration lead to increased magnetoresistance until an optimal value is reached, beyond which it decreases again due to a reduction of scattering centers since the magnetic clusters have now coalesced and percolated [16] [17] [18] . Hence, we have experimental evidence of the role of nanocluster size in the observed properties.
Optical second harmonic generation (SHG) is a sensitive method to probe surface and interface structures because SHG is forbidden in bulk for centrosymmetric materials within the electric dipole approximation. Therefore, the second harmonic light is generated near the surface or interface, where the inversion symmetry is necessarily broken [19] . In the presence of magnetization, the symmetry of the surface and interfaces is further reduced leading to nonlinear magnetooptical effects (NOMOKE). Consequently, the NOMOKE intensity correlates with the relative local magnetization in the material [20] [21] [22] [23] [24] , that is, at the interface between the Co nanoclusters and the Au matrix in this case. Since our Au/Co nanocomposite films do exhibit different interfaces between the magnetic Co clusters and the Au matrix as the Co concentration is increased, we also expect that the ensuing different magnetic coupling will affect the NOMOKE. Indeed, we do observe a slow monotonic increase of NOMOKE with Co concentration, with a sharp increase at the percolation onset around 45% Co content due to its sensitivity to the aggregation state of the magnetic material, similar to the saturation field in Figure 2(b) . We also distinguish an additional subtle regime due to NOMOKE's extreme sensitivity to the local magnetization state, and we observe different behavior related to the local magnetic coupling between Co clusters at a Co content of 35%. Thus, at low Co concentration, the smaller amount of magnetic interfaces leads to slow but steady growth of the NOMOKE signal. With further Co content increase, a local subtle NOMOKE maximum is observed when the local magnetic contrast is large, as it is Field (Oe)
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Co 35% Au 65% antiferromagnetic coupling [25] coincident with the large magnetoresistance observed for this Co content. A strong NOMOKE change occurs as soon as percolation sets in for larger Co concentration transitioning to the steady growth observed at lower Co concentrations. In summary, since the coupling between Co nanoclusters depends on their size and separation, which is in turn related to the Co concentration, we experimentally observe that, at 35% Co, our films achieved adequate size and intergranular Co cluster separation, possibly leading to local antiferromagnetic coupling responsible for larger magnetoresistance as well as enhanced local magnetic contrast and hence a subtle local maximum in NOMOKE. Our experimental work opens up the opportunity to explore the theoretical correlation between the microscopic hyperpolarizabilities, the second order susceptibilities described by the third rank polar tensors, hyper Rayleigh scattering, and quadruple contributions as well as the role of spin orientation and interactions with phonons [26] [27] [28] [29] [30] .
The interactions of Co nanocomposite films consisting of Co particles and different matrices have been the subject of many studies [28] [29] [30] [31] [32] [33] . When the conductive Au matrix is replaced with other nonconductive materials, for example, TiO 2 [28, 29] and Sm 2 O 3 , the magnetoresistance dependence on Co concentration in a similar granular thin film structure also shows strong correlation with magnetooptical properties. It should be pointed out that the characteristics of the magnetooptical properties, that is, nonmonotonic response dependency on concentration, is quite similar to that of magnetotransport properties in various Co-matrix systems. The observed similar behavior in these systems shows bulklike behavior, very likely due to Co nanoparticle percolation dominating the magnetotransport and magnetooptical response.
Conclusion
The microstructure and composition of granular and nanocomposite AuCo thin film samples can be experimentally tailored with adequate choice of deposition and/or processing conditions since Au-Co is a typical phase-separation system. We have experimentally observed that the aggregation state of the films affects their nonlinear magnetooptical properties as well as their magnetotransport behavior in a subtle, correlated manner. The NOMOKE values are affected by contrast at the local cluster/matrix interface in nanocomposite films, while the magnetotransport properties primarily depend on the magnetic coupling between magnetic clusters. The observed correlation between the SHG magnetic contrast and magnetoresistance below percolation may be expected in these nanocomposite films, considering that the cluster separation determines the magnetic coupling and hence the spin-dependent electron scattering. NOMOKE is driven by the local magnetic contrast, also affected by the magnetic cluster size and intercluster distance. On the other hand, above the percolation threshold, the behavior of NOMOKE and that of the magnetoresistance are quite different because the increase in magnetization is responsible for the observed monotonic increase in NOMOKE due to the presence of more magnetic materials, although the ensuing ferromagnetic order suppresses spin-dependent electron scattering and thus decreases the magnetoresistance. The detailed nature of this correlation must be further investigated theoretically, perhaps combining approaches previously developed for each of these separate phenomena in order to provide a quantitative model for the Co content dependence in our reported experimental magnetoresistance and NOMOKE data. Further, theoretical correlation between the microscopic hyperpolarizabilities, the second order susceptibilities described by the third rank polar tensors, hyper Rayleigh scattering, and quadruple contributions, as well as the role of the spin orientation and interactions with phonons could be investigated. Yet our experimental findings are useful for applications such as double-sensors where two different sensing properties, that is, magnetotransport and magnetooptics, could be addressed simultaneously.
